Right atrial pacing was performed in 41 subjects with coronary heart disease. Twenty developed angina pectoris during pacing, while 21 did not. The extent of coronary artery disease, as judged by selective cinearteriography, was similar in the two groups. Both had significant increases in heart rate and pressure-time per minute, but there was no significant difference in either of these parameters between groups. Among the hemodynamic parameters measured, the only statistically significant change was in the cardiac index which fell slightly but significantly in the angina group.
and electrocardiographic,5 metabolic,6 and hemodynamic3' 7, 8 changes in subjects with coronary artery disease. This method has the advantage of applying a stress to the heart which increases its oxygen requirement and decreases the time available for coronary perfusion and does not change the state of the subject in other ways. It also affords a relatively steady state, enabling accurate and repeatable measurements.
The present study was undertaken to investigate the hemodynamic, metabolic, and electrocardiographic changes that occurred in a group of subjects with angiographically documented coronary heart disease who developed angina pectoris during the stress of atrial pacing. The changes in this anginal group are compared with a similar group of subjects with coronary heart disease who underwent a similar stress without developing angina pectoris.
Methods Forty-one subjects referred for evaluation of coronary heart disease were studied at the time of right and left heart catheterization. The subjects were in normal sinus rhythm and at the time of the study were not receiving any cardiac medications. Studies were carried out in a resting, postabsorptive state with the subject in the supine position. Precatheterization medication consisted of 50 mg of pentobarbital sodium and 50 mg of meperidine, intramuscularly.
A Sones catheter was introduced through a right brachial arteriotomy for selective coronary cinearteriography and for recording left ventricular pressures. Cine films were taken on a 9 by 6-in dual field x-ray image amplifier (General Electric) using 16 mm Cardiac output was measured by the indicatordilution method using indocyanine green, with injection into the coronary venous catheter and sampling at the brachial artery. Pressure-time per minute was calculated as the product of systolic mean pressure, systolic ejection period, and heart rate. The left ventricular end-diastolic pressure was measured following the a wave. To verify this point, the pacing end-diastolic pressure was measured at a time interval no greater than the Q wave end-diastolic pressure interval during the control state. Samples of arterial and coronary venous blood were analyzed in duplicate for lactate and oxygen content. Lactate was determined enzymatically with a modification of the method of Horn and Bruns.9 Analysis of lactate data was made by determining the extraction ratio across the myocardium: CA -CrS X 100 = %-Markedly diminished extraction (0%) or gross production of lactate was considered abnormal. Oxygen content and capacity of arterial and coronary venous blood were determined by manometric analysis, and the oxygen extraction ratio was similarly calculated. An ST-segment response on the 12-lead electrocardiogram was considered positive when segmental depression of 0.5 mm developed in any of the leads.
Heart rate was increased with a batterypowered pacemaker (Medtronic), care being taken to ground all electrical equipment to prevent current leakage. The pacing rate was increased in increments of 10 beats/min, each period of pacing being maintained for 2 min, until (1) the subject experienced anginal pain, (2) a rate of 160 beats/min was reached, (3) Figure 1 The effects of right atrial pacing on systolic pressure, heart rate, pressure-time per minute (PTM), left ventricular end-diastolic pressure (LVEDP), and cardiac index (Cl), comparing subjects who developed angina pectoris (AP) and those who did not (no AP). Abbreviations: BPM = beats per minute; I = +1 standard error of the mean. Effect of nitroglycerin (TNG) on Sublingual nitroglycerin was given to five subjects with angina, while atrial pacing was continued at the same rate; lactate metabolism was determined after 10 min. All subjects experienced prompt relief of anginal symptoms, but none of the five had significant changes in lactate metabolism including the four who continued to demonstrate lactate production after nitroglycerin ( fig. 6 ). In addition, three subjects had ST-segment depression during angina which did not change after nitroglycerin. This was despite a decrease in pressure-time per minute from 5,550 to 4,680 in one subject and from 3,200 to 2,200 in another and respective decreases in both left ventricular pressure and cardiac index in both subjects. In addition, myocardial oxygen extraction ratio decreased in three of the subjects.
By contrast, when anginal symptoms were relieved in five subjects by stopping the pacing procedure, lactate metabolism, also determined after 10 min, changed from abnormal to normal in two subjects and showed marked improvement in the third subject who produced lactate during pacing ( fig. 7 ).
Discussion
Although selective cinecoronary arteriography affords an accurate demonstration of the anatomy of coronary lesions during life in subjects with coronary heart disease,'0 it does not allow assessment of the functional significance of the arterial disease. Thus, there was no significant difference in anatomic extent of coronary artery disease between subjects who developed angina pectoris and those who did not during pacing stress (table 2) . Despite this, there were hemodynamic and metabolic differences although the amount of stress applied to the heart as judged by the pressuretime per minute was similar ( fig. 1) . The pressure-time per minute was chosen as an index of cardiac stress because it bears a reasonable relationship to myocardial oxygen consumption during pacing."
In the present study, left ventricular function was somewhat depressed in the angina group in that there was a small but significant REST ANGINA RECOVERY (PACED) Figure 7 Effect of cessation of pacing on myocardial lactate metabolism. Lactate metabolism, determined after 10 min after cessation of pacing had changed from abnormal to normal in two subjects and had improved markedly in the third. fig. 3 ). These findings are suggestive of a difference between the two groups, but statistical significance was not achieved, probably due to the large degree of variability from subject to subject (fig. 4 ).
There was no consistent correlation between abnormal lactate metabolism and elecCirculation, Volume XLII, October 1970 trocardiographic evidence of myocardial ischemia in this study ( fig. 5 ). This is not altogether surprising, since localized zones of ischemia may not be detected by either of these technics. In this respect, selective zonal lactate sampling has been shown to increase this correlation.'4 Therefore, an ischemic area may become manifest by one of these criteria while remaining masked in the other. These findings are at variance with those of Parker's group'5 who suggested a closer correlation between ST depression and anaerobic metabolism. This may be due in part to differences in sampling technic or in criteria for abnormal ST-segment depression.
Despite the consistent pain relief afforded by sublingual nitroglycerin while pacing stress was maintained, myocardial ischemia, as evidenced by abnormal lactate metabolism or segmental ST depression in the electrocardiogram, or both, remained unaltered ( fig. 6 ). These abnormalities persisted even though a decrease in pressure-time per minute, cardiac index, and end-diastolic pressure occurred in two subjects following nitroglycerin, suggesting decreased myocardial oxygen requirements induced by nitrite. Further evidence for this is indicated by the observation that oxygen extraction decreased in three of four subjects. This cannot be explained solely on the basis of a phase lag, since with the cessation of pacing stress, pain relief was accompanied by reversion of both lactate metabolism and the electrocardiogram to the control state. However, since the pressuretime per minute is higher in the postnitroglycerin state during continued pacing than with cessation of pacing a time delay for correction of ischemia in the former state is a possibility. Redistribution 
